It is shown theoretically that the strong electron coupling to a high-frequency electromagnetic field results in the nulling of electron backscattering within the Born approximation. The conditions of the effect depend only on the field parameters and do not depend on concrete form of scattering potential. Correspondingly, the effect takes place for any scatterers and, therefore, is of universal physical nature. As a consequence, the obtained results substantially modify such an established part of the quantum mechanics as a scattering theory for the case of strong electron-field interaction.
It is shown theoretically that the strong electron coupling to a high-frequency electromagnetic field results in the nulling of electron backscattering within the Born approximation. The conditions of the effect depend only on the field parameters and do not depend on concrete form of scattering potential. Correspondingly, the effect takes place for any scatterers and, therefore, is of universal physical nature. As a consequence, the obtained results substantially modify such an established part of the quantum mechanics as a scattering theory for the case of strong electron-field interaction. The backscattering is fundamental physical process consisting in the reflection of moving particles back to the direction from which they came. Resulting in dissipation of kinetic momentum of the particles, the backscattering lies in the core of all mechanisms of friction -from the viscosity in gases and liquids to the electrical resistance in conductors. Therefore, the seeking for ways to suppress the backscattering is problem of both general physical interest and rich applied capabilities. In the given Letter, it is shown theoretically that the backscattering of charged particles can be suppressed by a high-frequency electromagnetic field.
Due to advances in laser physics, a strong electromagnetic field became an ordinary tool to manipulate physical properties of electrons. In contrast to the case of weak electromagnetic field, the interaction between electrons and the strong field cannot be described as a perturbation. Therefore, the system "electron + strong electromagnetic field" should be considered as a bound electronfield object which was called "electron dressed by field" (dressed electron) [1, 2] . Traditionally, the studies of physical properties of dressed electrons were focused on field-induced features of their energy spectrum caused by the dynamic (ac) Stark effect, including the shifting of energy levels in atomic systems and nanostructures [3] [4] [5] [6] [7] [8] , the energy gap opening in solids [9] [10] [11] [12] [13] [14] [15] , etc. As to effects arisen from a field-induced transformation of wave functions of dressed electrons, they escaped attention before. Filling this gap in the theory, I unexpectedly discovered that the modification of electron wave functions by the strong electromagnetic field results in the nulling of scattering matrix elements. As a consequence, the phenomenon announced above appears. Surprisingly, this bright effect can be derived directly from the basic principles of quantum mechanics with using simplest pen-and-paper calculations as follows.
For definiteness, we will restrict our consideration by the case of alternating homogeneous electric field but the proper generalization for any electromagnetic field can be easily made. Let an electron be subjected to such an electric field E(t) = e x E 0 sin ωt, where E 0 is the amplitude of the field, ω is the frequency of the field, and e x is the unit vector directed along the x axis. In the absence of scatterers, the wave function of the electron, ψ, satisfies the Schrödinger equation i ∂ψ/∂t =Ĥ 0 ψ with the HamiltonianĤ 0 = (p − eA/c) 2 /2m, wherep is the operator of electron momentum, m is the electron mass, e is the electron charge, and A = e x (cE 0 /ω) cos ωt is the vector potential of the field. It should be noted for possible experiments that the same Hamiltonian describes both a two-and one-dimensional electron system subjected to a plane linearly polarized monochromatic electromagnetic wave with the frequency ω and the amplitude E 0 , which propagates perpendicularly to the system. This Schrödinger equation can be solved accurately and the exact wave function of the electron is
where ϕ k (r) = V −1/2 exp(ikr) is the plane electron wave, k is the electron wave vector, r is the electron radiusvector, V is the normalization volume, and ε k = 2 k 2 /2m is the energy spectrum of free electron. The wave function (1) can be easily verified by direct substitution into the above-mentioned Schrödinger equation. As expected, in the absence of the field (E 0 = 0) the wave function of field-dressed electron (1) turns into the wave function of free electron,
It should be stressed that the velocity of the field-dressed electron averaged over the field period T = 2π/ω,
exactly coincides with the stationary velocity of free electron in the state (2) with the same wave vector k,
Thus, the high-frequency field does not change the mean electron velocity and, correspondingly, does not influence directly on electron transport. However, the formal mathematical difference between the wave function of field-dressed electron (1) and the wave function of free electron (2) effects on scattering processes discussed below.
Let an electron be in a scattering potential U (r) in the presence of the same field. Then the wave function of the electron, Ψ(r, t), satisfies the Schrödinger equation
In what follows, we will assume the scattering potential energy U (r) to be a small perturbation. This allows to apply the conventional perturbation theory [16] to describe the electron scattering. Since the functions (1) with different wave vectors k form the complete function system for any time t, we can seek solutions of the Schrödinger equation (3) as an expansion
Let an electron be in the state (1) with the wave vector k at the time t = 0. Correspondingly, a k ′ (0) = δ k ′ ,k , where δ k ′ ,k is the Kronecker symbol. Substituting the expansion (4) into the Schrödinger equation (3) and restricting the accuracy by the first order of the perturbation theory, we arrive at the expression
where
is the matrix element of the scattering potential, and
To proceed analysis of the problem, we have to slightly extend the conventional perturbation theory [16] which was developed by Dirac for stationary basis wave functions, taking into account the non-stationarity of the wave functions (1). Namely, let us apply the JacobiAnger expansion [17] ,
in order to rewrite Eq. (5) as
where J n (z) is the Bessel function of the first kind. Since the integrals in Eq. (8) for long time t turn into the deltafunction
the expression (8) takes the form
(9) To transform square delta-functions in Eq. (9), we can apply the conventional procedure (see, e.g., Ref. [18] ),
Then the probability of the electron scattering between the states (1) with the wave vectors k and k ′ per unit time,
The announced effect follows from the fact that all terms in the probability (10) can be nulled with a strong high-frequency field. First of all, let us consider the terms with n = 0. Physically, these terms describe the electron scattering which is accompanied with the absorption and emission of photons of the field. It is well-known that the conservation laws forbid the absorption and emission of photons by a free electron: These processes can be allowed if only the scattering-induced energy uncertainty /τ is more than the photon energy ω. As a consequence, the terms with n = 0 in Eq. (10) can be neglected under the condition
where τ is the lifetime of free electron restricted by the scattering. In order to show the correctness of this neglecting formally, we have to consider the Hamiltonian H =p/2m + U (r) describing an electron in the scattering potential U (r) in the absence of the field. The stationary Schrödinger equation with the Hamiltonian, Hu l (r) = ε l u l (r), yields the energy spectrum ε l and the wave functions u l (r) of the electron, where the index l labels various eigenstates of the Hamiltonian. Since the stationary eigenfunctions u l (r) form the complete function system, the wave function of free electron, ϕ k (r) = V −1/2 exp(ikr), can be expanded on the eigenfunctions as ϕ k (r) = l b kl u l (r). Then the matrix element (6) is
Physically, the expansion coefficients b kl describe the broadening of energy spectrum of free electron caused by the scattering: A free electron with the wave vector k has the non-zero probability W kl = |b kl | 2 to be in the eigenstate l with the energy ε l . If to rewrite the coefficients as b kl = √ W k ′ l e iφ kl , the matrix element (12) takes the form
The probability W kl in Eq. (13), certainly, depends on concrete form of the scattering potential U (r). However, there is the general feature of this probability for any scattering potential, which follows directly from the uncertainty relation for energy. Namely, the probability W kl distinctly differs from zero only for electron energies ε l from the short range ∼ /τ near the energy of free electron, ε k = 2 k 2 /2m. Therefore, the product W k ′ l W kland, correspondingly, the sum in Eq. (13) -is very small under the condition |ε k − ε k ′ | ≫ /τ . As a consequence, the matrix element (13) is negligibly small in those terms of Eq. (10), which satisfy this condition. Since the terms with n = 0 in Eq. (10) describe the electron scattering between the states k and k ′ with the energy difference |ε k − ε k ′ | ≥ ω, these terms are very small for ω ≫ /τ . As a result, they can be neglected under the condition (11) . In order to estimate the accuracy of this neglecting, let us consider a random potential U (r) which is responsible for the electron scattering in various conducting systems (see, e.g., Ref. [19] ). In this case, the scatteringinduced washing of energy spectrum of free electron can be described by the Gaussian function,
where W k (ε) is the probability of energy ε for a free electron with the wave vector k, and σ ∼ /τ is the dispersion arisen from the scattering. Using this expression in order to estimate the contribution of terms with n = 0 in Eq. (10) for typical conductors, we obtain that the electron lifetime restricted by these terms is comparable with the Universe age for ωτ 10 2 . Thus, the terms with n = 0 in Eq. (10) can be undoubtedly ignored if the field frequency ω meets the condition (11) .
Assuming the condition (11) to be satisfied, the probability of electron scattering (10) takes the final form
The formal difference between the scattering probability of field-dressed electron (14) and the conventional expression for the scattering probability of free electron [16] ,
consists in the Bessel-function factor J 2 0 (f k ′ k ), where f k ′ k is proportional to the field amplitude E 0 [see Eq. (7)]. This factor arises from the strong electron coupling to the field: If the field is absent (E 0 = 0), this factor is equal to unity and, as expected, the expressions (14) and (15) coincide. However, for E 0 = 0 just this factor leads to the effect announced above. Namely, it follows from the oscillatory behavior of the Bessel function that there are amplitudes of the field, E 0 , for which the Bessel function J 0 (f k ′ k ) is null. As a consequence, the field can turn the probability of scattering (14) into zero. Particularly, the nulling of electron backscattering takes place if an electron moves along the field, i.e. if k E. In this case, Eq. (14) describes the backscattering for the electron wave vectors k = (k, 0, 0) and k ′ = (−k, 0, 0) directed along the x axis. Taking into account Eq. (7), the backscattering is nulled for the field amplitudes E 0 satisfying the equation
which can be easily solved with using tables of the Bessel function J 0 (z). It follows from the aforesaid that this effect is the consequence of nonlinearity of the strong electron-field interaction. Indeed, the key expression (14) is derived from the exact wave function (1) which takes into account the interaction in full. That is why the effect could not be obtained from the conventional theories considering the electron-field interaction as a weak perturbation (see, e.g., the textbooks [16, 18] ). It should be noted that the expression (14) describes the probability of electron scattering within the main (first) order of the perturbation theory, which corresponds to the famous Born approximation [16] lying in the basis of the conventional scattering theory. As a consequence, the nulling of the probability (14) suppresses the backscattering effectively if the scattering potential U (r) meets the well-known conditions of applicability of the Born approximation [16] . These conditions cover a lot of real physical situations from different fields of the modern physics -from the scattering of conductivity electrons in condensed matters to the scattering of elementary particles in the high-energy physics. Therefore, the discussed suppression of backscattering can be experimentally realized in the broadest range of physical systems. However, it can be useful for possible experiments to estimate the remanent backscattering arisen from the second order of the perturbation theory. Going in the same way as before, one can derive the secondorder probability of the electron scattering,
which describes the remanent scattering in the highfrequency limit if the main scattering (14) is nulled by a dressing field. As expected, the probability (17) is neg-ligibly small under the conditions of the Born approximation [16] . The developed theory is applicable, particularly, to electrical current carriers in conductors exposed to a strong high-frequency electromagnetic field. Therefore, the discussed suppression of the electron backscattering will lead to substantial increasing the electron mobility in any conducting system. However, this effect will be most pronounced in one-dimensional conductors (for instance, in semiconductor quantum wires, carbon nanotubes, etc) since the backscattering is the only mechanism restricting the mean free path of electrons there. It should be noted also that low-dimensional conductors are most preferable from experimental viewpoint due to the absence of the screening of electromagnetic field. Therefore, let us estimate observability of the discussed effect for conductivity electrons in one-dimensional conductors (for definiteness, in semiconductor quantum wires with the effective electron mass m ∼ 10 −29 g). For such conductors, the modern nanotechnologies allow to reach the electron mobility µ = eτ /m ∼ 10 7 cm 2 /V·c that corresponds to the electron mean free time τ ∼ 10 −9 c. Therefore, the condition (11) can be undoubtedly satisfied for the field frequencies ν = ω/2π 10 10 Hz. Let the wire be filled by a degenerate electron gas with the Fermi energy ε F = 2 k 2 F /2m ∼ 10 −2 eV that corresponds to the Fermi electron wave vector k F ∼ 10 6 cm −1 . Assuming the wire to be exposed to a high-frequency field E(t) directed along the wire, the condition (16) can be satisfied for the Fermi electrons if the field amplitude is E 0 10 2 V/m. Thus, the suppression of electron backscattering can be realized for experimentally reasonable parameters of the field. Finalizing the discussion, another experimental consequence of this effect should be noted: Since the factor J 2 0 (f k ′ k ) in the scattering probability (14) is the oscillating function of the field amplitude E 0 , all electron transport characteristics of the conductors along the x axis are expected to oscillate in the same manner.
Summarizing the aforesaid, the novel quantum effect -the nulling of the Born backscattering caused by a high-frequency electromagnetic field -is claimed. The conditions of the effect (11) and (16) depend only on the field parameters and do not depend on concrete form of the scattering potential. Thus, always there is an electromagnetic field resulting in the nulling. As a consequence, the effect takes place for any scatterers and, therefore, is of universal physical nature.
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